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Immunoglobulin heavy- and light-chain genes are rearranged in a temporally ordered manner. In this issue,
Johnson et al. (2008) show that interferon regulatory factor-4 regulates light-chain gene rearrangement by
activating enhancers and attenuating interleukin-7 signaling.Early B cell differentiation is characterized
by the sequential rearrangement of immu-
noglobulin (Ig) heavy- and light-chain
genes (reviewed in Schlissel, 2004). Pro-
B cells rearrange their Ig heavy-chain loci
but maintain the light-chain loci in a chro-
matin conformation that is inaccessible
for the recombination machinery. At the
subsequent pre-B cell stage, functionally
rearranged heavy chains are combined
with surrogate light chains to generate
the pre-B cell receptor (pre-BCR). Signal-
ing via the pre-BCR inhibits RAG1,2 re-
combinase activity and induces prolifera-
tive expansion of pre-B cells. Activation
and rearrangement of the immunoglobulin
k and l light-chain loci in pre-B cells leads,
in the event of functional gene rearrange-
ment, to expression of aBCRanddifferen-
tiation to the immature B cell stage.
Genetic elements that regulate rearrange-
ment of the k locus include enhancers in
the intron (iEk) and 30 of the k constant re-
gion (30Ek; reviewed by Schlissel, 2004).
The probability that the k locuswill recom-
bine also correlates with the appearance
of so-called ‘‘germline’’ transcripts that
initiate within the unrearranged k locus.
Numerous ubiquitous and B cell-specific
transcription factors have been shown to
bind to the k enhancers at some point dur-
ing B cell differentiation. In particular, the
E2A transcription factors, aswell as the in-
terferon regulatory factor-4 (IRF-4) and the
closely related IRF-8 appear to be impor-
tant for the regulationof locusaccessibility
andgene rearrangement (reviewed inBain
and Murre, 1998; Lu et al., 2003; Laz-
orchak et al., 2006). Experiments in which
an unrearranged immunoglobulin k light-
chain allele wasmarked by targeted inser-
tion of a green fluorescent protein (GFP)
gene indicated that only a small fraction
of k alleles are efficiently transcribed ina population of pre-B cells (Liang et al.,
2004). Moreover, transcription was found
to be monoallelic and to correlate with
gene rearrangement, possibly reflecting
limiting enhancer-complex assembly. Epi-
genetic differences in the chromatin struc-
ture of the ‘‘accessible’’ allele have been
observed, including histone modifications
and alterations in subnuclear localization
(Goldmit et al., 2005). Recently, a cis-act-
ing element, termed Sis, has been identi-
fied in the region between the variable (V)
and joining (J) gene segments of the k
locus (Liu et al., 2006). Sis associates
with Ikaros and targets k transgenes to
centromeric heterochromatin, thus nega-
tively regulating k gene rearrangement.
Early B cell differentiation is also regu-
lated by multiple signaling pathways. In
particular, signaling by the interleukin-7
receptor (IL-7R) has long been known to
regulate multiple processes in the B cell
lineage (reviewed in Milne and Paige,
2006). The activities ascribed to IL-7 in-
clude B lineage specification in common
lymphoid progenitors, regulation of distal
VH gene accessibility, as well as prolifera-
tion and differentiation of pre-B cells. B
cell precursors migrate within the bone
marrow during maturation, and it has
been suggested that simultaneous sig-
nals from the pre-BCR and IL-7R allow
for selection of pre-BCR cells in bone-
marrow niches where IL-7 concentrations
are limiting.
In a paper published in this issue of
Immunity, Johnson et al. (2008) study the
induction of immunoglobulin light-chain
gene rearrangement, with pre-B cell cul-
tures from mice deficient for both IRF-4
and IRF-8. These pre-B cell cultures,
which are propagated in the presence of
IL-7, express the pre-BCR, but they can-
not mature beyond the pre-B cell stageImmunbecause they cannot activate the immu-
noglobulin k light-chain locus for recombi-
nation. Reintroduction of IRF-4 into IRF-
4,8 double-deficient pre-B cells leads to
rearrangement of both k and l loci and to
expression of the BCR on the cell surface,
showing the crucial role that IRF-4 plays at
this stage of B cell differentiation (Johnson
et al., 2008; Ma et al., 2006). In further ex-
periments, Johnson et al. (2008) show that
attenuation of IL-7 signaling bywithdrawal
of IL-7 from IRF-4,8 double-deficient
pre-B cells leads to robust k but not l
gene rearrangement. This finding sug-
gests that there are two pathways leading
to k rearrangement, one dependent on
IRF-4 and one independent of IRF-4 but
inhibited by IL-7 (Figure 1).
It is well established that withdrawal of
IL-7 in early B cell cultures leads to cell-
cycle arrest and to an increase in the pro-
portion of BCR-expressing cells in the
culture (reviewed in Milne and Paige,
2006). This observation has been taken
as evidence that IL-7 inhibits differentia-
tion of pre-B cells, possibly as a conse-
quence of keeping them in the cell cycle
or by repressing differentiation signals.
As a cautionary note, IL-7 withdrawal
from bone-marrow-derived cultures not
only leads to cell-cycle arrest but also to
cell death, particularly at early stages in
B cell maturation. This underscores the
importance of careful characterization of
the extent to which subpopulation selec-
tion after IL-7 withdrawal might contribute
to the parameters being measured. John-
son et al. (2008) argue that the effects they
report on k gene rearrangement and BCR
expression are probably not due to selec-
tion because they did not observe sub-
stantial cell death within the 2 to 3 day
period of the experiments. To address
the possibility that a cell-cycle arrest,ity 28, March 2008 ª2008 Elsevier Inc. 295
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PreviewsFigure 1. Regulation of Immunoglobulin Light-Chain Rearrangement by IL-7 and IRF-4
B cell precursors must pass checkpoints that monitor pre-BCR and BCR assembly in order to become mature B cells. To reach the first checkpoint, pro-B cells
proliferate under the influence of IL-7 secreted from stromal cells (depicted in pink) and rearrange their immunoglobulin heavy-chain loci. The light-chain locus is
packaged into inaccessible chromatin and is not available for recombination. Cells with a successful heavy-chain gene rearrangement express a signaling-com-
petent pre-BCR composed of the heavy chain paired with the surrogate light chains. Signals from the pre-BCR and IL-7 receptor (IL-7R) synergistically and tran-
siently stimulate pre-B cell proliferation and inhibit RAG recombinase activity. Pre-BCR signals induce the transcription factor IRF-4, which regulates the activity
of enhancers, germline transcription, and chromatin accessibility at the light-chain loci. IRF-4 also induces the expression of chemokine receptors, such as
CXCR4, that facilitate cell migration toward chemokine-producing stromal cells (depicted in blue) and could lead to attenuation of IL-7 signaling. A second check-
point in immature B cells monitors successful light-chain rearrangement by BCR-expression, shutting down further gene rearrangement.induced by IL-7 withdrawal, permits dif-
ferentiation and k gene rearrangement,
Johnson et al. (2008) examined the effects
of the direct inhibition of cell division,
either by generating mice deficient in
IRF-4, IRF-8, and cyclin D3 or by enforced
expression of the cell-cycle inhibitor p27
in cultured IRF-4,8 double-deficient pre-B
cells. These experiments showed that
cell-cycle arrest was not sufficient to
induce k gene rearrangement in IRF-4,8
double-deficient pre-B cells. However, it
remains unclear whether a direct inhibi-
tion of cell-cycle progression would in-
duce k gene rearrangement in wild-type
pre-B cells.
Johnson et al. (2008) also show that the
restoration of IRF-4 expression in IRF-4,8
double-deficient pre-B cells, combined
with an IL-7 withdrawal, leads to a syner-
gistic stimulation of k gene rearrangement
and expression. In exploring the underly-
ing mechanism, they found that IRF-4
expression induces robust k germline
transcription and accumulation of marks
for accessible chromatin over 30k and l
enhancers, but does not change the pat-
tern of histone modifications at the in-296 Immunity 28, March 2008 ª2008 Elsevietronic k enhancer. IL-7 withdrawal was
shown to activate Rag1 transcription and
enhance binding of E2A to the intronic k
enhancer. Because the combination of
IRF-4 expression and attenuation of IL-7
signaling did not result in a synergistic ef-
fect on k germline and Rag1 transcription,
Johnson et al. (2008) conclude that the
synergy in k gene rearrangement is a con-
sequence of the engagement of two dis-
tinct pathways.
The accessibility of the k alleles for rear-
rangement has not only been correlated
with the detection of germline transcripts
but also with the positioning of the locus
away from the nuclear periphery and the
subsequent association of one allele
with pericentric heterochromatin (Goldmit
et al., 2005). Johnson et al. (2008) ob-
served that in IRF-4,8 double-deficient
pre-B cells, the frequency of biallelic as-
sociation of k loci with heterochromatin
was markedly increased. Notably, with-
drawal of IL-7 did not change this biallelic
association, whereas restoration of IRF-4
expression did. On the basis of these find-
ings, Johnson et al. (2008) suggest that
IRF-4 is involved in positioning one k alleler Inc.away from heterochromatin, thus poten-
tially counteracting the Sis-Ikaros-medi-
ated heterochromatic sequestration (Liu
et al., 2006).
The presence of an IRF-4-, IRF-8-inde-
pendent pathway leading to light-chain
rearrangement in vitro is surprising, given
that IRF-4,8 double-deficient mice cannot
produce B cells. Johnson et al. (2008)
considered the possibility that IRF-4
expression might be necessary for the
downregulation of IL-7 signals, either by
directly interfering with IL-7 signaling in
the cell or by supporting the movement
of pre-B cells away from the source of
IL-7. A genome-wide expression analysis
after IRF-4 restoration or IL-7 withdrawal
did not support the idea that IRF-4 in-
terferes with IL-7 signaling. However,
several chemokine receptors including
CXCR4 were induced by IRF-4, and
it was shown that IRF-4 expression
in IRF-4,8 double-deficient pre-B cells
can increase cell migration toward the
CXCR4 chemokine ligand CXCL12. This
result provides an attractive mechanism
for how IRF-4 could contribute to an at-
tenuation of IL-7 signaling by stimulating
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Previewspre-B migration away from the source of
IL-7. An alternative explanation for why
IRF-4,8 double-deficient mice cannot
produce B cells could come from the ob-
servation that withdrawal of IL-7 from the
culture medium of IRF-4,8 double-defi-
cient pre-B cells gave robust k gene rear-
rangement (Johnson et al., 2008) but no
expression of the BCR on the cell surface
(Ma et al., 2006; Johnson et al., 2008).
This finding could reflect a downstream
dependency on IRF-4 or IRF-8, either for
efficient transcription of the rearranged
light-chain gene itself or of other genes
necessary for efficient light-chain expres-
sion on the cell surface. The observation
that withdrawal of IL-7 induces RAG
expression in pre-B cells raises questions
as to how the presumed inhibition of RAG
expression is circumvented at the earlier
pro-B cell stage, where IL-7 is known to
support growth and maintenance of the
cells. Could it be that a fraction of pro-B
cell precursors transiently and perhaps
repeatedly enter an IL-7 refractory, non-
proliferative phase, where RAG expres-
sion is induced? Attenuated IL-7 signaling
has been reported in B cells even though
they continue to express the IL-7 recep-
tor. If so, it would be interesting to identifyThymus Lineage C
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specification. It all comes down to a
Developmental contingencies are end-
lessly fascinating.There’ssomethingabout
a circuit that measures small differences
and accurately amplifies them into an
error-free outcome. Contingencies repre-
sent the oppositeof chaos and the epitome
of robustness. In developmental immunol-
ogy, none has received more attention
than the CD4 versus CD8 T cell lineagethe intracellular components responsible
for regulating IL-7 signaling in this way. Al-
ternatively, rearrangement of the light-
chain genes may require higher amounts
of RAG than does that of the heavy-chain
genes, and the IL-7 inhibition of RAG ex-
pression may be concentration depen-
dent. Finally, in early pre-B cells, IL-7
and pre-BCR signaling may synergize to
dampen Rag transcription to a greater
extent than IL-7 signaling alone.
In conclusion, the work described by
Johnson et al. (2008) provides exciting in-
sight into the function of IRF-4 as a regula-
tory node in the transition of pre-B to im-
mature B cells. One important role of this
transcription factor, which is upregulated
by pre-BCR signals, consists in the down-
regulation of the surrogate light-chain
genes and the activation of the 30 k and
l enhancers, resulting in the initiation of
light-chain gene rearrangement and posi-
tioning of the loci away from heterochro-
matin. Another unexpected function of
IRF-4 appears to involve the induced ex-
pression of chemokine receptors, which
could help pre-B cells to move away
from IL-7-producing stromal cells. This
cell migration would lead to an attenua-
tion of IL-7 signaling and to enhancedommitment:
A 92093-0377, USA
2008) establish the logic and circuitr
n eighty base pair silencer switch.
commitment, perhaps because it is inter-
twined with the storied concepts of MHC
restriction and thymic selection.
The principles of lineage commitment
consist of a basis for the decision, the
conceptual underlying logic, and the ana-
log circuitry used the compute an all-
or-none result. We understand the first, I
propose that an understanding of the sec-
Immubinding of E2A to the intronic k and Rag
enhancers.
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